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•  New check on CP‐odd domains: the CP 
forbidden decays 

•  Why large domains are good (the theta is 
const, peaks in invariant mass) 

•  Are there CP‐odd fluctua6ons in pp? In double 
diffrac6ve pp? yes, it has rather developed 
theory of sphalerons  

•  Maybe those clusters have been already 
detected 



•  We since have learned that A.R.Zhitnitsky had the same idea before us , he also 
calculated such decay in hep‐ph/0003191 

•  All the parameters in the answer coinside, but he considered 2 flavors and we 
did 3 with eta‐eta’ mixing., amplitude different by factor 3 

•  (At that 6me Kharzeev, Pisarski and Tytgut proposed metastable domains of 
theta vacua: this is a different 

•  Idea which did not worked out. Now we are all consider just CP‐odd fluctua6ons 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•  Decays which were forbidden are now allowed:                                                                       
η=>π+π-, η’=> ηπ,     η’=>π+π- 

•   in  the CP‐odd spot <theta> is nonzero => disbalance between instantons and an6‐instantons 
even at freezeout in the near‐vacuum state 

•  Calculated from the chiral Lagrangian at nonzero theta 

it is clear that any theta effect can only be visible if no quark mass is 
zero: thus theta‐bar variable.    

So, even for theta=O(1) thetabar is small 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lisions, and currently there is some proposal to perform
such experiments at RHIC.

Returning to Au-Au collisions, one may use these ideas
in order to estimate the number of sphalerons produced
[8]. If we only consider the number of vacuum instantons
in an initial state “pancake” then we get a so minimal
number

Nsphalerons > ninstρ
2
instπR2

Au ∼ 10 (2)

The maximal number in the whole fireball is perhaps an
order of magnitude larger [8]. Assuming random statis-
tics, this implies that the fluctuations of the topological
charge in the the fireball is ∆Qtop ∼

√
Nsphalerons =

3 − 10. As the size of the sphalerons is ∼ ρ # RAu,
each of them can be viewd as exploding shells. In QGP
those evolve diffusively and merge, in a process not yet
understood quantitatively, producing at the time of fire-
ball freezeout some chirally asymmetric spots, such as
one shown in Fig.(1).

Further development was related with the presence of
a magnetic field #B: the so called Witten effect states
that when the nonzero θ is present, it mixes with the
electric field #E ∼ θ #B. This leads to a current and even-
tually charge separation in the direction of #B . The mi-
croscopic dynamical mechanism underlying this process
has been first explored in [11], and has lead to the dis-
cussion of charge asymmetry in large bodies [12] such
as neutron stars, Galaxies and large scale cosmological
magnetic field domains.

Kharzeev et al [15] proposed to look for charge asym-
metry induced by chiral CP-odd fluctuations at Rela-
tivistic Heavy Ion Collider (RHIC), by means of charged
pions’ correlations. They pointed out that very intense
magnetic field —up to 1019Gauss— is generated by the
nuclei and also by motion of excited matter, which has
certain overall positive charge density and vorticity, ex-
cept in the case of exactly central collisions. The asym-
metry in charged pion correlations relative to the collision
plane has been recently observed by the Star Collabora-
tion [13] [14], see Fig.(2). The observed effect is indeed
absent for central collisions. Still, the observed correla-
tion is by itself CP-even ∼< θ2 > and in principle it may
be induced by some other effect, absent in the usual event
generators. To be sure that it is indeed proportional to
< θ2 > (averaging over the volume and events) some
other experimental confirmation would be desirable. Di-
viding it out would allow to single out the QGP response
to θ, a property opening a window to new transport coef-
ficients [16, 17]. In this paper we propose CP-odd decays
as such possibility.

II. CP FORBIDDEN DECAYS

In this paper we are discussing the CP-violating pro-
cesses in the phase of heavy ion collisions at the freezeout,
which occurs at temperature T $ 170MeV. The system
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FIG. 1: A sketch of a chirally asymmetric spot (inner cir-
cle) in a fireball at freezeout. The external magnetic field
(not shown) is assumed to be directed vertically: induced
electric field leads to charge separation (plusses upwards, mi-
nuses downwards). The spot’s location is biased upward, as
explained in the text. During the decays, the ++ correlation
is quenched by ambient matter less than +−.

is in the hadronic phase, but the topological fluctuations
have not washed out yet and there is a domain of finite
size where the QCD vacuum is in a state with an effective
θ %= 0. In this regime one can use Chiral Perturbation
Theory (ChPT), keeping in mind that the coefficients of
the Chiral Lagrangian change their values with temper-
ature . For our purposes we only need the CP-odd part
of the ChPT Lagrangian in the leading order in θ.

The ChPT Lagrangian is usually represented as a func-
tion of a non-linear field U(x) = e

i
Fπ

Π[x], where Π is
the nonet of pseudoscalar mesons

Π[x]=
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The singlet and octet fields φ0 and φ8 are related to the
physical η, η′ fields via the mixing angle αM as

η = ϕ8 cos αM − ϕ0 sinαM (3)

η
′

= ϕ8 sinαM + ϕ0 cos αM . (4)

The CP-odd part of the ChPT Lagrangian in the leading
chiral order and at leading order in the 1/Nc expansion,
is equal to[18]

Leff = −i
χtopNf

2Nc
θ̄
[
Tr[U(x)− U†(x)]− 2 log det U(x)

]
(5)

where θ̄ is an effective θ parameter.

θ̄ $ F 2
πNcm2

π

4Nfχtop
θ (6)

To study decay processes of a pseudoscalar meson into
two pseudoscalar mesons, we then have to expand Eq.(5)

θ̄ ≈ 0.06θ



What is the size of the “chiral spot”? 

+‐ is strongly quenched in AuAu, 
 but it is nearly symmetric in CuCu 
⇒ At freezeout the size is large! 
Comperable to the Cu nucleus 

B 



Can forbidden decays be observed? 

•  Because the chiral spot is so large, theta(x)contributes 
rela6vely small momentum  

•  k=O(1/Rspot) 

Which is comparable to best experimental resolu6on in the 
invariant mass. 

 Small signal but with 10^9 events and about 10^6 pairs/event 
perhaps doable 

No magneDc field needed, if it gives the same θ as 
charge asymmetry, it will prove that it is CP‐odd 



Let us start at the beginning 



Carter‐Ostrovsky,ES: QCD sphalerons 



Lej: the snapshots of the r^2 energy 
Right: the spectrum of the produced fermions 



Pomeron from instantons 



Example of the cleanest process: 
the double DIS, no hadrons, just 

excita6on of one cluster (sphaleron) 





Where the topology (CP‐odd fluctua6ons) 
in AuAu come from? 

•  From topology already present in vacuum? 

•  In order to know for sure, sphalerons should 
be produced in diffrac6ve pp 



Final comments on sphalerons in pp: 

•  Double‐diffrac6ve cluster produc6on in STAR
+”Roman pots” => proposal pending 

•  Sphaleron produces 6 units of chirality! 

•  Expected exclusive channels which are well 
observed like KKπ etc (but not πππ) like it was in 
ηc decays (Bjorken,Schafer) 

•  Because pp has magne6c field => charge 
asymmetry  in final states (Kharzeev) 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